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Abstract: The precautionary measures recommended during the current COVID-19 pandemic do not
consider the effect of turbulent airflow. We found the propagation of droplets and aerosols highly
affected by this condition. The spread of respiratory droplets by the action of sneezing is characterized
by the dynamics of two groups of droplets of different sizes: Larger droplets (300–900 µm) have a
ballistic trajectory and can be spread up to 5 m, while a cloud of smaller droplets (100–200 µm) can
be transported and dispersed at longer distances up to 18 m by the action of the turbulent airflow. In
relation to the spread of exhaled aerosols during respiration, these remain in the air for long periods
of time. In the presence of intense or moderate airflow, this set of particles follow airflow streamlines,
and thus their propagation is directly determined by the air velocity field. Given the scientific
evidence, these results should be considered in public debate about the aerodynamic dispersion
characteristics of scenarios where social interactions occur and about the measures to mitigate the
spread of the virus.
Keywords: droplet and aerosols propagation; turbulence; CFD; urban aerodynamics; WMLES
1. Introduction
David Heymann, from the London School of Hygiene and Tropical Medicine, who was
one of the leaders during the SARS outbreak and is a public health expert, claimed on 20
February 2020 that the propagation of COVID-19 in open spaces was one of the important
unknowns yet to be defined [1]. Currently, the general recommendations by the World
Health Organization (WHO), followed by several governments and health agencies, are
based on keeping a distance of at least 1 m from persons who are coughing or sneezing [2].
These measures are based on models and estimates that are several decades out of date [3],
and recent work has demonstrated that this recommendation may underestimate the
distance travel by droplets during coughing and sneezing [4]. The discussion about
precautionary measures is indeed important, since it may affect the steps taken to organize
the free or restricted circulation of people in urban places and to minimize contagion,
including the use of masks and other measures. Likewise, examining these urban scenarios
is important. In the last two decades, cities have become the world’s economic hubs for
production, innovation, and trade (accounting for 80% of global GDP) [5]. It is therefore not
a surprise that the current restrictions to urban mobility observed worldwide, including the
movement of people in markets and other crowded public spaces, have created enormous
economic pressures to people and to local and national governments. Subsequently, we
offer some reflections on the relevance of these findings in the context of a pandemic
governance at an urban scale.
Regarding the airborne character of COVID-19, there is a lack of consensus within
the scientific community, and some opinions are controverted [6,7]. Several important
aspects related to the spread and infectiousness of the virus are still not well understood.
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For example, the RNA material of the virus has been found far from its sources; it is
unknown whether the amount of material found might account for an effective infectious
potential [8,9]. These and other issues have expanded the discussion further, meaning
not only within the scientific community but to the policy and economic spheres, where
accurate precautionary measures are essential to reduce risks and economic impacts.
The velocity of the exhaled airflow during a sneeze is much higher than in breathing
or even coughing [10,11]. A sneeze exhales more than a million droplets up to a distance of
3 m (in the absence of wind or another source of airflow). However, the concentration of
droplets at 1 m of distance from its source is reduced down to 0.001% [10], which coincides
with the mentioned distancing recommendations of the WHO [8]. Nevertheless, due to
Stokes’ drag, the smaller droplets (<5–10 µm) stay suspended in the air for prolonged
periods of time—a situation that is conducive to airborne transmission [10,12].
The WHO has not yet subscribed to the fact of COVID-19 spreading via airborne
aerosols. This decision is based on a publication from March 2020 that considered 75,465
cases of COVID-19 analyzed in China with none attributed directly to this mechanism [8,12].
Several publications support the existence of airborne contagion of COVID-19, with
accumulated evidence shown [13,14]. In fact, 239 scientists from 32 countries sent a letter
to the WHO stating that COVID-19 can be transmitted through the air [15]. The WHO’s
reaction to the inquiry from the scientific community has been to accept emerging evidence
for the airborne contagion of COVID-19 [16], which has once again brought into question
the airborne nature of its contagion. The controversy on this issue is evident. However, the
idea of probable airborne contagion is not instilled in the public or in public debate. This
situation is extremely serious given that, in the case of airborne contagion, the precautionary
measures are very different from those adopted up to now based on physical distancing,
hand washing, and use of masks.
Although there are available studies aimed at analyzing the spread of respiratory
droplets [17–22] and aerosols [23,24], up to our reach there is only one study that has at-
tempted to estimate the effect of an airflow over the spread of respiratory droplets exhaled
during a respiratory symptom [25]. This situation would be applicable both to outdoor
urban settings exposed to small-scale microclimatological wind and to indoor situations
exposed to airflow caused by the natural or artificial ventilation of the space. In both
cases, the air speed could reach magnitudes that affect the range of propagation and resi-
dence times commonly considered and, therefore, affect the recommended precautionary
measures. The problem with [25] is that it considers an unrealistic scenario, with domain
dimensions smaller than the total propagation range for which it is not possible to quan-
tify the maximum propagation, but an even more important situation is that the airflow
which propagates the particles is considered uniform since the domain does not consider
the interaction between the airflow and the body; therefore, it could underestimate the
importance of turbulence on the aerodynamic dispersion of droplets.
The objective of this manuscript is to obtain realistic aerodynamic dispersion charac-
teristics of settings where social interactions take place using computational fluid dynamics
tools, through studying the effects of turbulent airflow over the aerodynamic dispersion of
respiratory droplets and exhaled aerosols during sneezing and breathing, respectively.
2. Governing Equations
2.1. Aerodynamics
We adopted a wall-modelled large eddy simulation (WMLES) approach to predict a
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In order to handled buoyancy in the simulations we considered a temperature depen-
dent density for the homogeneous phase ρ and adopted a Boussinesq approximation for
density variation in the momentum conservation equation (Equation (2)). Here, σij is the


















and τij is the subgrid stress tensor that results from the filtering process. Based on Boussi-
nesq’s hypothesis, subgrid stresses are calculated from
τij = −2µTSi j̀ (5)












and µT is the subgrid eddy viscosity described using the Smagorinsky model [27]:
µT = ρL2s |S̀| (7)
where Ls is the mixing length for subgrid scales,
Ls = min(kd, Cs∆) (8)
and |Ś| the strain rate magnitude calculated from
|Ś| ≡
√
2Si j́Si j́ (9)
Here, k is the Von Kármán constant, d the nearest wall distance, Cs the Smagorinsky




where V is the cell volume.
In wall-bounded turbulent flows, computational grids must consider a sufficiently
fine resolution to capture the smallest structures generated within boundary layers, which
implies high computational cost. The WMLES is a variant of the LES approach, which
allows the flows bounded by walls to be described without the need of very fine grids
within boundary layers. In the near wall region, the subgrid viscosity is calculated with











where dW is the distance to the wall and CSmag = 0.2.
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2.2. Respiratory Droplets and Aerosols Propagation
Coupled with the fluid flow equation, we use Lagrangian particle tracking to describe
respiratory droplets and aerosol propagation. Lagrangian tracking solves the following

























where u is the air velocity, up the particle velocity, µ the air viscosity, ρ the air density, ρp






In the case of submicron particles like aerosols, we adopted a Stoke’s form for the drag





where CC is the Cunningham’s factor









with λ as the molecular mean free path.
3. Computational Model
In order to describe the aerodynamic dispersion of polydisperse respiratory droplets
and aerosols exhaled during a sneeze and during simple breathing by a turbulent airflow,
we implement a computational model using the framework of the commercial computa-
tional fluid dynamics (CFD) code ANSYS-FLUENT 18.2. Anthropometric variables (person
height, mouth and nose open areas) and the variables that define the actions of sneezing
and breathing (exhaled airflow, duration time, volume fraction and diameter distribution
of exhaled droplets and aerosols) were taken from the literature [10,11,20]. The microclima-
tologic wind condition was defined according to [29,30] and represents a medium and high
intensity wind, including its attenuation with respect to the difference between the average
velocity magnitude measured in the periphery and the urban city centers. These wind
intensities represent a probable condition in an exposed outdoor area, however, according
to [29] air velocity magnitudes of the same order could be present in closed spaces due
to the ventilation, as well as in situations subjected to less standard conditions in which
more intense ventilation could have associated air masses moving at speeds equal to or
greater than those considered [29,30]. All variables defining the exhaled flow condition
and the airflow scenarios under evaluation are summarized in Table 1. Droplet diameter
distribution of unimodal sneeze is shown in Figure 1 from [11].
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Table 1. Sneeze, breathing, and site condition parameters.
Variable Value References
Freestream velocity magnitude of airflow 2 and 4 m/s [29,30]
Environment temperature 26 ◦C [31]
Freestream turbulence intensity 2% [32]
Nasal and oral area 1.5 and 2.5 cm2 [10]
Body temperature 31 ◦C [31]
Sneeze total time 1 s 1 s [10,33]
Airflow during sneeze 250 L/min [10,33]
Volume fraction of droplets during sneeze 1 × 10−5 [20]
Diameter distribution of droplets during sneeze 100–900 µm [11]
Diameter distribution of aerosols 0.5–2.25 µm [34]
Breathing frequency 15.5 times/min [33,35]
Airflow temperature during breathing 34 ◦C [33,35]
Pulmonary ventilation rate during breathing 10 L/min [33,35]
Volume fraction of aerosols during breathing 2.13 × 10−14 [34]
Diameter distribution of aerosols during breathing 0.5–2.25 µm [33]
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Figure 1. Unimodal sneeze droplet diameter distribution from [11]: experimental data collected (left panel); Gaussian
fitting curve (right panel).
Figure 2 shows views of the model domain. In order to describe an urban scenario ex-
posed to some turbulent airflow, we include a standard anthropometric person surrounded
by several buildings of different heights. With this consideration, we seek to describe the
person–infrastructure–airflow interaction and in this way generate a turbulent airflow
environment that interacts with droplets and aerosols exhaled by a person sneezing or
breathing. Although this model represents an outdoor condition, the results predicted
by these simulations would also describe indoor situations where natural ventilation or
the forced convection induced by ventilation equipment may produce high air velocities
and therefore influence droplet or aerosol aerodynamic dispersion. The control volume
was discretized using the computational grid shown in Figure 3. This computational grid
consists of 3 million cells distributed properly in order to generate a high-resolution area
around the person and through the zone where it is desirable to more accurately describe
the flow field. The time step considered was 0.01 s.
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4. Simulations
We simulated the droplet and aerosol dispersion exhaled during sneezing and breath-
ing under conditions representing moderate and high airflow intensities. The simulated
conditions are summarized in Table 2.
Table 2. Simulated conditions.
Action Particle Tracked Airflow Velocity Magnitude
Sneezing Respiratory droplet 2, 4 m/s
Breathing Droplet nuclei (aerosol) 2, 4 m/s
The predictions obtained with the computational model are shown in this section. We
analyzed the aerodynamics dispersion given the turbulent flow in the vicinity of a person
who is breathing normally or experiencing respiratory symptoms like a sneeze.
With the objective of verifying the grid convergence, we compared the prediction
regarding the aerodynamic dispersion characteristics of the respiratory drops exhaled in a
scenario considering an airflow of 2 m/s for two computational grids of 3 and 5 million
elements, within a time interval of 5 s. The results of this analysis are summarized in Table 3.
We show that an increase in the number of cells of the computational grid from 3 to 5 million
does not have a significant impact over model predictions, maintaining a low relative
difference. Figure 4 shows the comparison between the aerodynamic dispersion range and
the dimensions of cloud drops for a time interval of 5 s after sneezing.
Table 3. Grid convergence analysis.
Variable 3 Million Cells Grid 5 Million Cells Grid Difference%
Maximum horizontal range 6.14 m 6.24 m 1.6%
Range of vertical dispersion
(from ground)
Min: 0.694 m Min: 0.718 3.5%
Max: 1.837 m Max: 1.783 −2.9%
Range of lateral dispersion
(from person center line)
Right: +0.397 m Right: +0.43 8.3%
Left: +0.396 m Left: +0.372 −6.1%
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4.1. Comparison with Existing Experimental Data
e compared the level of our predictions with the results reported by [25]. Up to
our reach, the study in [25] is the only one available in the literature that, while aimed at
predicting the spread range of respiratory droplets, has included the effect of airflo . This
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comparison must be carried out on the merit of some important differences in terms of the
realism of model characteristics adopted for both approaches in order to determine the
effect of an airflow on the dispersion of drops. In particular, it is necessary to consider that
the flow field simulated in [25] does not include the effect that the obstacle represented
by the body and head of the person has on the velocity field and the turbulence intensity,
which generates a zone of high shear flow, low velocity magnitude, and high turbulence
(Figure 5) in the zone where the drops are discharged, which is an important difference
with respect to the uniform velocity profile considered in [25] for the freestream airflow.
Figure 6 shows the comparison for the aerodynamic dispersion of respiratory droplets for
moderate and intense airflow conditions. The next section will show how larger drops
develop ballistic trajectories and fall rapidly to the ground while the smaller drops (marked
in red in Figure 6) generate a cloud of drops (Figure 6C,D) that is dispersed and transported
by the effect of turbulent airflow. Although the propagation distances predicted by [25]
and by this work were found similar (Figure 6), the zone of low speed and high turbulence
predicted by our simulation (Figure 5) generates a delay in the propagation with respect
to [25] and a cloud of greater dispersion, unlike the nucleus more bounded described
by [25]. In addition to this difference in propagation velocity of cloud drops, the following
sections will show that the total propagation distances and residence times are greater than
those reported in [25] because of the important role of turbulence over the aerodynamic
dispersion of drops.
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4.2. Results
Figure 7 shows the velocity magnitude distribution for the conditions under evaluation
considering an airflow from left to right of intensities 2 and 4 m/s. Figure 7A,C show
localized zones whose velocity magnitude is higher than the freestream velocity magnitude.
These spots of high velocity magnitude arise from the interaction between the freestream
airflow and the infrastructure because of the detachment of the boundary layers and the
recirculation produced with the turbulent shear flow. In both cases, i.e., the downstream of
the person, a zone of low velocity magnitude is generated which extends approximately
5 m. In the views shown in Figure 7B,D, a localized zone of even lower velocity extends
2 m downstream of the person around the torso and head with a potential effect on the
spread of respiratory droplets and aerosols.
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Figure 8 shows the subgrid viscosity distribution in the vicinity of the person. This
variable is associated with the turbulence model used and is related to turbulent diffu-
sion [36]. Zones of high subgrid viscosity will have associated high values of turbulent
diffusion, where “high” means higher than the background value. For both airflow in-
tensities, Figure 8A,B, show a zone of high turbulent diffusion downstream of the person
caused by the shear flow. This area is larger in the case considering a higher airflow
intensity condition, i.e., Figure 8B. In both cases, the zone of high turbulent diffusion is
located downstream of the torso and head zone, which would enhance the aerodynamic
dispersion and therefore the cloud drops dimensions. In relation to the propagation of the
respiratory droplets exhaled during the respiratory symptom of a sneeze, Figure 9 shows
two snapshots of droplet propagation in the presence of different airflow conditions. In
Figure 9A,C, the results show that the largest droplets exhaled during that respiratory
symptom in the range of 300–900 µm follow ballistic trajectories and fall rapidly to the
ground in the sneeze. In scenarios under the effect of some airflow, this range reach 5.34 m
for 2 m/s and 4.47 m for 4 m/s. These results are shown in Figure 9B,D respectively. In
this same respiratory symptom, the fate of the smallest drops, in the range 100–200 µm,
is different. Drops of this size are dragged to a considerably greater range: The results
show that a turbulent airflow field (Figure 5) has a much more dominant effect on this set
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of particles. For the case considering a wind of 2 m/s, the range that this set of particles
reaches is 11 m, while for a wind of higher intensity of 4 m/s, the range increases to 18 m
(Figure 10).
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Figure 9. Respiratory droplet propagation during sneeze at t = 0.6 s (A,C) and after sneeze at t = 5 s (B,D). Moderate
intensity airflow of 2 m/s (A,B) and intense airflow of 4 m/s (C,D).
The spread of exhaled aerosols during respiration and speech and the effect of airflow
on their spread are shown in Figure 11. The trajectories of the particles show that the
aerosols remain in the air for long periods of time. When this situation is exposed to a
moderate or high intensity wind field, this set of particles is propagated long distances, as
shown in Figure 11B,D.
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5. Discussion
Our results indicate that the propagation of droplets and aerosols is highly affected by
the turbulent air mass movement. The respiratory droplet aerodynamic dispersion range
of our predictions considering the effect of turbulent airflow was found to be several times
over the typical precautionary recommendations considered by public health systems [3,37].
This situation is worrying because, given the evidence shown in the literature [17–21,23–25],
adopting the recommended distancing measures in scenarios in which moving air masses
occur (such as bus stops, shopping boulevards, outdoor queues for COVID-19 testing
or ventilated indoor spaces) could give a false sense of security and produce an adverse
situation in terms of mitigating contagion. Moreover, in all cities there are certain public
spaces where a dense circulation of people is difficult to avoid, such as those mentioned
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above, even during lockdowns (for example, in outdoor queues for COVID-19 testing).
These spaces tend to be crowded by visitors from different parts of the city, increasing the
risk of multiple outbreaks at urban scale.
Our results confirm the strict use of masks in certain urban (outdoor) spaces where
social distancing is not possible, and this could inform future public policies related to
urban mobility, i.e., regulation on behavior when queuing (shopping and testing), outdoor
sport, and cultural activities, special measures during different weather conditions (e.g.,
rainy seasons), among others.
Likewise, the results may support certain approaches on mass vaccination. As the
world is working hard toward COVID-19 vaccines, calls for preparedness and planning for
mass vaccination by public health agencies is undergoing [38]. One of the mass vaccination
setups successfully used in the past for mass testing and vaccination is the drive-through
method [39,40]. Although the use of cars for mass testing and vaccination may produce
effective results and reduce co-infection impacts for both patients and health workers,
the drive-through approach implies important logistics challenges for health and urban
authorities. For instance, in some places like in the Latin America and the Caribbean
region, informal settlements represent an important part of urban population (i.e., 21% or
105 million people) that generally lack access to private car and have poor access to public
transportation [41].
In relation to the spread of aerosols, given that they remain in the air for long periods
of time, they can be spread long distances by moving air masses. The propagation distance
and the areas of high concentration are determined by multiple variables, including the
architecture and the size of the spaces; the speed of the moving air masses, which are influ-
enced by the intensity of airflow; the location and power of the ventilation equipment; and
the distribution of flows that enter or are discharged through windows, doors, or accesses.
Our description of the transport of aerosols by means of moving air masses along
with the recent evidence demonstrating the effectiveness of contagion via airborne aerosols
compounds the importance of adopting stricter precautionary measures. These results
should contribute to the public debate and the adoption of such measures as preferring
social gatherings in open spaces and planning ventilation systems and filter usage in closed
spaces [13], including work places, shopping centers, cinemas, art galleries, aircraft cabins,
trains, buses, etc.
6. Summary and Conclusions
We described the aerodynamic dispersion of droplets and aerosols exhaled by a
person of standard anthropometric characteristics (1.62 m height), including the role of the
turbulent movement of air masses caused by the wind in open spaces and by natural or
artificial ventilation in closed spaces. This consideration has allowed for a more realistic
characterization of the contagious aspects of scenarios where social interactions occur, and
they could be considered for further studies and used to inform specific urban policies
related to controlling the COVID-19 pandemic.
Regarding the largest respiratory droplets exhaled during a sneeze in the range of
300–900 µm, our predictions indicate that these group of drops follow ballistic trajectories
and fall rapidly to the ground reaching a range of 5.34 m and 4.47 m for air velocity
magnitudes of 2 m/s and 4 m/s respectively. Given the important role of the turbulent
airflow over the aerodynamic dispersion, the smallest respiratory droplets between 100–200
µm are carried to a considerably greater range reaching 11 m for air velocity magnitude of
2 m/s, while for a higher velocity magnitude of moving air of 4 m/s, the range increases to
18 m.
In the case of the aerosols exhaled during respiration and speech, the trajectories of
the particles show that they remain in the air for long periods of time. In the case of this
situation being exposure to movements of the air mass, this set of particles is propagated
long distances limited only by the confinement of the space in which they are discharged.
Furthermore, the location of accumulation zones and, therefore, high concentration areas
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will be determined by the characteristics of the flow field that transports them and the
architecture that confines them.
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